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SECTION I
INTRODUCTION

Metal matrix composites have received renewed interest in
recent years for applications in aerospace structures in which
temperature and/or stiffness requirements preclude the use of
resin matrix composites and strength and durability regquirements
tax monolithic metal structures. These applications are addressed
in a number of USAF-funded efforts (References 1-7). While
durability of metal matrix composites (MMC) is being assessed in
these programs there is no requirement to develop life prediction
capability which can be used to assure durability during design of
future MMC structures.

This program was an outgrowth of these larger Advanced
Development Programs. The objective of this program was to
develop fatigue life and crack growth prediction methodologies
required to assure the durability of MMC structures according to
current military specifications. This program involved four
tasks: a literature survey to select life analysis methodologies
for evaluation, an analysis model development test program, the
analysis development itself, and an analysis model verification
test program.

The results of the literature survey task were reported in
AFWAL-TR~-85-3107 (Reference 8). This report summarizes the
analysis methods used by previous investigators to predict
strength, fatigue life, and residual strength of MMC materials,
and it presents a compilation of fatigue life test data from
various literature sources. In that literature data, it was noted
that the fatigue failure mode was related to the fiber to matrix
stiffness and strength ratios. It was also noted that the methods
used to predict stiffness and strength of resin matrix composite
systems apply equally well to metal matrix systems.



In the analysis model development test task, 150 static,
fatigue, and residual strength tests were performed to determine
the effects of notch sensitivity, load level, stress ratio, and
layup on fatigue life of MMC materials. Throughout the
formulation of this test plan and analysis of the data, the
results of the MMC tests were related to the known behaviors of
metals and resin matrix composite systems. These comparisons led
to some basic insights into the relative behavior of MMC materials
for application to primary airframe structures. All of the
unidirectional material tests were performed at McDonnell Aircraft
Company (MCAIR). The crossplied laminate tests were performed by
Dr. C. T. Sun of Purdue University. During the model development
testing numerous methods for nondestructive examination of the
damage state in MMC materials were evaluated. Specimen
thicknesses were selected to eliminate the need for buckling
guides for compression testing so that in-situ examinations could
be carried out during these tests. Dye penetrant, ultrasonic
C-scans, X radiography, displacement monitoring, and acoustic
emission monitoring were all evaluated during this test program.
Specimen sectioning, deplying, and scanning electron microscopy
(SEM) were all used at various points in post test examinations to
determine the failure mechanisms.

Analytical model development was primarily based on a simple
stress analysis technique. This analysis technique, described
completely herein, allows rapid stress analysis of finite width,
orthotropic or isotropic plates having circular or elliptical
notches. This analysis, along with a nonlinear laminated plate
theory analysis, forms the backbone of the analytical development.
Dr. Sun developed a discrete finite element model of the yield
behavior of the matrix between fibers in cracked aluminum and
titanium matrix materials. His analyses along with others
available in the literature, showed the way toward development of
a simple analysis scheme capable of accurately predicting
strength, stiffness, fatigue life, fatigue failure mode, and
residual strength of MMC materials.



This analytical model was verified by 150 static, fatigue,
and residual strength tests of both aluminum and titanium matrix
composite coupons in which the test results were predicted before
the tests were performed. The accuracy of these analysis
procedures was demonstrated in these tests of MMC materials having
very different fiber to matrix strength ratios and fatigue failure
modes. Again crossplied laminate tests were performed by Dr. Sun
and the unidirectional tests were performed at MCAIR.



SECTION II

SELECTION OF ANALYTICAL METHODS AND DATA REQUIREMENTS

1. LITERATURE SURVEY - In the first phase of this program a
literature survey was performed to identify the state-of-the-art

in testing and analysis of metal matrix composites. This survey
formed the basis for the model development effort performed during
this program. The literature survey results are summarized in a
separate report, AFWAL-TR-85-3107 (Reference 8). Some of these
results provide an important background for the model of MMC
behavior that was developed in this program and for the test plan
rationale used for model development and testing. Therefore this
section provides a brief review of the effect of matrix properties
and notch geometry on strength, fatigue life, and failure mode

behavior on metal matrix composites.

a. Failure Modes - One of the primary goals of the

literature survey was to review the test data available in the
literature to determine the range of fatigue failure modes found
by previous investigators. Testing performed under MCAIR IRAD had
previously shown that failure modes in fiber reinforced metals
differ with matrix strength. In aluminum matrix materials cracks
appear to initiate at the location around a notch at which the
matrix shear stresses are highest (indicated by the arrows in
Figure 1).

In titanium matrix materials, the cracks initiate where the
strains in the fibers are greatest. These cracks grow irregularly
at first, the path apparently selected by where fibers fail.
Eventually these cracks become large enough that the energy at the
crack tip becomes great enough to fail fibers at the crack tip.
Then crack propagation proceeds as it would in the matrix metal,

across the specimen net section. 1In aluminum matrix composites,



and certainly in epoxy resin composites, the matrix stiffness and
strength will not generate enough energy at the crack tip to fail

fibers as it does in titanium matrix composites.

B/6061 Aluminum (B,C)BITi 15-3-3-3

Load Direction Load Direction
Fiber Direction Fiber Direction

‘OPredicted failure initiation sites

Figure 1. Fatigue Failure Modes in Unidirectionally Reinforced
Metal Matrix Composites

This same effect of the matrix strength to affect the crack
initiation behavior of MMC materials was demonstrated in tests
performed by Midwest Research Institute in 1976. In a series of
tests of notched aluminum metal matrix composites examining the
effect of heat treatment on crack growth and crack initiation,

J. R. Hancock found that even aluminum MMC materials, heat treated
to peak strength conditions, can develop flaws that initiate and
propagate from the notches as they do in the parent metal. For
the vast majority of the lower strength (6061 and 2XXX series)
aluminums, the flaws will grow along the fibers.

b. Notch Sensitivity - Another interesting effect of fiber

reinforcement on material properties is notch sensitivity. Notch
sensitivities in fatigue and static strength are shown in Figure 2

for metals, unidirectionally reinforced metal matrix composites



and fiber dominated (50 percent 0 degree fibers or more) resin
matrix composites. In the comparison shown, the static strength
sensitivity is defined as the ratio of the net strength of a
notched specimen to the strength of an unnotched coupon under
tension loading. The fatigue sensitivity is the ratio of net
stress in a notched specimen to that in an unnotched specimen at a
given life (10,000 cycles at R=-1).
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100 101 102

Fiber/Matrix Stiffness Ratio

Figure 2. Effects of Fiber Reinforcement on Notch Sensitivity

Metals and resin matrix composites form a convenient frame-
work in which to discuss the mechanical behavior of FRMMC
materials. Metals, because of their ability to plastically
deform, have notch strengths close to net section ultimate
strength. In contrast, carbon/epoxy shows a significant effect of
notches on static strength because the notch interrupts load
carrying fibers and forces load through the weak matrix.
Consequently, it is not surprising to find that MMC materials are
ranked between these limits by the ratio of fiber strength to
matrix strength. For metals, the "fiber" to "matrix" strength
ratio is selected as unity.



In fatigue, the reverse ordering takes place. 1In weak matrix
composites, initial cracking occurs along the fibers, reducing
stress concentrations and promoting long fatigue lives in
composites loaded along the fibers. 1In metals, notches are the
primary source of failure origination in fatigue. While interface
strength can influence flaw growth in metal matrix composites,
these materials appear to be ranked by the ratio of fiber

stiffness to matrix stiffness.

Figure 2 shows the superposition of notch sensitivity in
strength and fatigue for the materials studied. The notch
sensitivity of continuous fiber reinforced metal matrix composites
lies between that of metals and that of resin matrix composites
and the relative sensitivity of metals and resin matrix composites
is reversed between strength and fatigue. The comparison shown in
Figure 2 demonstrates why we think of metals as being fatigue

sensitive and resin matrix composites as strength sensitive.

Metal matrix composites fall in an area balanced between
strength and fatigue sensitivity. The failure progression in
these materials reflects this balance. In unidirectionally
reinforced boron/aluminum, static failure modes were across the
net section, but fatigue cracks grew in the matrix along the
fibers. Even when static failures occur across the net

section, the matrix yields enough to isolate the notch and remove
the notch sensitivity (Figure 3).

2. SELECTED METHODS & DATA REQUIREMENTS - Based on the literature
survey, and the testing we performed preceding this program,

methods of analysis were tentatively selected for evaluation in
this program. Each of these methods required a certain type of
input data to be provided by the model development test program.
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a. Stiffness - For lamina stiffness we used rule of mixtures
and verified that approach using literature data on fiber, matrix,
and unidirectionally reinforced composite, stiffnesses. Tests of
unnotched coupons were used to verify the stiffnesses used in

analysis development within this program.

Laminate stiffnesses were computed using laminated plate
theory and verified through ultimate strength tests of unnotched
specimens. The plies were modeled as elastic-perfectly plastic
materials, based on the lamina test results from unnotched
specimens. Off-axis plies were predicted to lose stiffness as

they vielded or failed.

Similarly, laminate stiffnesses were reduced as fatigue
failures occurred within various plies, as predicted by Johnson

and associates at NASA, Langley.



b. Stress - Stress analyses were performed using a very
simple orthotropic plate analysis technique developed during the
course of this program. It's accuracy was demonstrated by
comparison with classical elasticity solutions and by comparisons

with displacement measurements taken during open hole tests.

c. Strength - Strength analysis development was based on the
above stress and stiffness analyses, and were influenced by the
shear lag analyses developed by Goree and associates at Clemson
University (References 9 - 11). . These strength analyses require
lamina property stiffness and strength data from unnotched

specimens and were verified by notched specimen data.

d. Crack Initiation - Crack initiation analyses are based on

the stresses around the notch. Two conditions, shear stress
within the matrix parallel to the fibers and stress in the fiber
adjacent to the notch, are examined to determine failure mode.
Unnotched lamina tests were used to determine stiffness and
strength properties for the laminae. Crack initiation data from
open or filled hole specimens was the basis for development of
matrix cracking and fiber breakage life curves. Model development
and verification was provided by tests of other notch geometries,
stress levels, and stress ratios.

In crossplied laminates, the same types of testing were
performed, although lamina test data are sufficient to allow

initiation prediction with the model.

e. Crack Growth - Crack growth data can be obtained from

either center cracked panels of the matrix material, or from

center cracked or open hole tests of MMC materials. In the case
of weak matrix composites (B/Al) the crack propagation will
usually be in the matrix parallel to the fibers, so off-axis
specimens are usually more useful for data generation. Very
little crack growth information was obtained in crossplied MMC
because the outermost plies were longitudinal in each case.



Cracking behavior was noted in these plies, but it was obvious
that it was heavily influenced by subsurface flaw growth in the

off-axis plies.

Crack growth analysis verification was obtained from tests of
center cracked and center hole specimens at different stress

levels and stress ratios.

f. Residual Strength - Residual strength analyses depend on
two potential failure modes: strength failures that occur in weak

matrix composites when yielding and cracking progress along the
fibers, and fracture that occurs in strong matrix materials in
which the cracking in the matrix can induce fiber failures.

Residual strength analyses were developed and verified through

tests of center hole specimens.
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SECTION III
LIFE PREDICTION METHODOLOGY DEVELOPMENT TESTING

This test program is divided into two phases using 150
specimens in each; the first directed toward methodology develop-
ment, the second toward model verification and extension. Model
development testing concentrated on unidirectionally reinforced
aluminum matrix material, although some crossplied boron/aluminum
was also tested. Unidirectional titanium matrix material was

tested only in the model verification phase.

The objective of the model development test program was to
generate the data required to determine how flaws originate and
grow to failure in fiber reinforced metal matrix composites
(FRMMC) under fatigue loading. This data was used to develop an
analysis procedure which can be used to predict fatigue life
(durability) of FRMMC structures. To verify the analysis the
strengths and lives were predicted for the specimens and loading

conditions used in the verification test plan.

In the analysis development test program we concentrated on
tracking fatigue damage growth in notched specimens. We believe
that in FRMMC structures fatigue failures will initiate at stress
concentration sites such as fastener holes or cut-outs. This is
true even when FRMMC is used as selective reinforcement. Our
tests of selectively reinforced material show that failures occur
in the base material at the end of reinforcements, rather than in

the unnotched reinforcements.

Fatigue tests of unnotched specimens were performed to
evaluate the notch sensitivity of FRMMC structures. This is of
interest because notch sensitivity in these materials falls
between that of metals, which show severe notch sensitivity, and
that of epoxy matrix composites, which often show little or no
notch sensitivity. We evaluated many methods for identifying

1t 1l



damage initiation in these tests to aid in developing stress
analyses of notches in FRMMC. We monitored damage growth in these
tests and measured residual strength to help evaluate damage
parameters. The majority of tests were run to failure in fatigue

to provide data for developing life analyses.

1. MATERIAL SELECTION - Two FRMMC materials were used: boron/6061
aluminum and (B4C)B/15V—3A1—3Sn-3Cr titanium. One of the primary

effects to be investigated in this program was the difference in
initiation and growth of flaws between aluminum and titanium
matrix materials. Previous tests had shown that flaws in aluminum
matrix materials initiate at locations of highest matrix principal
stress and propagate parallel to the fibers, Figure 1. In titani-
um matrix materials the flaws will propagate through the fibers.
Because MCAIR had developed sufficient data on titanium matrix
materials in our Reference 1 program, model development testing in

this program concentrated on the aluminum matrix materials.

Boron fibers, due to their longer period of development, are
believed to have the most consistently high strengths of the
fibers available at the outset of this program, Figure 4. Boron
and B4C coated boron fibers have about the same properties. Only
the B4C coated fiber is shown in Figure 4. Within this test pro-
gram many variables were investigated. A consistent material sys-
tem was essential to provide reproducible results with few replica-
tions. Boron fibers are used in both materials. B4C coated boron
is used in the titanium material to reduce fiber degradation
during the higher temperature consolidation. Properties of the
bare and B4C coated fibers are the same, as given in Figure 5,
thus differences in flaw growth behavior should be attributable to

either matrix or fiber/matrix interface properties.

The boron/aluminum material was primarily unidirectional in 8
ply and 24 ply thicknesses. Two crossplied laminates were also
tested: [0°2/90°2]3S and [0°2/+45°]3S, hereafter termed (0/90)
and (0/45) layups, respectively. These layups are representative

12



of those used in the aluminum matrix demonstration program
(Reference 3). The stacking sequences are based on two considera-
tions: (1) to increase bending stiffness for a given axial
stiffness by having 0° plies outermost, and (2) to reduce inter-
laminar shear stresses caused by grouping similar ply orientations.

/
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Figure 4. Fiber Strength Distributions
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Figure 5. Selected Fibers
Unidirectionally reinforced boron/titanium material was
tested in the model verification program. The high transverse and
shear strengths and stiffnesses of titanium matrix composites,
Figure 6, eliminate the need to cross-ply. The material was
subjected to a simulated superplastic forming/diffusion bonding
(SPF/DB) cycle by the fabricator (Amercom Inc.). We feel that a
major advantage of the titanium matrix material is its SPF/DB
capability. Currently, the SPF/DB cycle has been found to signi-
ficantly reduce static properties of (B4C)B/15—3 titanium, Figure
7. The reinforced 15-3 properties, which are initially higher
than comparable (B4C)B/6—4 material, are degraded to nearly the
same low values after SPF/DB.

2. INITIAL QUALITY OF FRMMC MATERIAL - All FRMMC material used in

this program was fabricated by hot vacuum pressing by Amercom,

Inc. All fibers were identified as to reactor run and recorded
along with fiber tension strengths. A transverse strip of the
drum wrap (the foil used in preparing the MMC) was removed and

retained by Amercom for traceability.

Consolidation pressure, temperature-time histories, and
as-consolidated tensile strengths were recorded for each lot of
FRMMC material. Strength results are shown in Figure 8 for the
unidirectionally reinforced B/Al panels.

14
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Figure 8. Boron/Aluminum Qualification Test Data /[From Amercom

All FRMMC panels were nondestructively inspected following
fabrication to verify specimen quality. Low kilowatt radiography
was used to inspect the panels for non-uniform fiber spacing and
for broken fibers. Figure 9 shows these initial defects as
detected by X-ray examination of a thin boron/titanium panel from
a previous program. The panels used in this test program showed
no such damage, at most they showed a waviness in the fiber, as
shown in Figure 10. The material received from Amercom was
exceptionally well consolidated in comparison to previous MMC

materials.

In addition to the X-ray inspection all panels were subjected
to an ultrasonic through transmission reflector plate inspection
to detect interlaminar debonds and incomplete fiber impregnation.
Test specimens machined from the panels were also inspected for
gquality.

3. SPECIMENS AND TEST PROCEDURES - The principle specimens used in

the analysis model development test program are shown in Figure

11. Central unloaded holes with fasteners installed were selected

16



as the primary specimens for test in this program to provide a
realistic flaw initiation site. Unnotched specimens were tested
to compare initiation lives with those determined from the central
hole specimens. Center cracked panel specimens were tested to
develop crack growth data, where such data were meaningful.

\Magnification 4.5 x

Figure 9. Initial Damage in Unidirectional FRMMC
Detected by X-Radiography

Figure 10. Typical X-Radiography Photograph of Panels Used in This Program

17
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Figure 11. Primary Test Specimens for Analysis Development

a. Specimen Configurations and Fabrication for Model

Development Testing - The purpose of this test program was to

determine the durability of metal matrix composites as they would
be applied to conventional airframe structures. The primary uses
projected for these materials at the initiation of this program
were as selective reinforcement of various components (such as
those shown in Figure 12) and as stiff skin materials, either
diffusion bonded to a metal core or mechanically fastened to a

conventional spar-rib structure.
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It was felt that emphasis on unnotched specimens to measure
crack initiation lives would produce data that would not reflect
the failure modes possible within unidirectionally reinforced MMC
structures, particularly those involving notched or mechanically
fastened skins. Previous tests at MCAIR had shown that failure
modes at holes in FRMMC materials can differ markedly from
material to material. Thus we felt it to be imperative that a
notched specimen be used to characterize failure in MMCs because
the use of either an unnotched or center cracked specimen to
develop data présupposes a knowledge of failure modes, knowledge
which the tests are intended to produce.

The central hole specimen, shown in Figure 11, is representa-
tive of airframe bolted attachments having little or no load
transfer. Similar specimens have been used for development of
fatigue life data in metals, carbon/epoxy, as well as in metal

matrix composites (References 12-15). A steel pin was inserted
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into the hole to provide realistic stress concentrations under
compression loadings. The fastener was taped in place so that one
side of the hole was visible for inspection throughout the test.
Diamond core bits were used to drill the holes. The holes were
not reamed because our experience has shown that reaming can break
fibers near the holes. Polishing the sides of unnotched specimens
was shown to break fibers in much the same way in the Air Force
testing summarized in Reference 16.

Aluminum tabs were used on both aluminum and titanium MMC
specimens to prevent fatigue failures from originating at the ends
of the serrated grips, especially in the unnotched specimen tests.
Generally, there is too little matrix material covering the
surface fibers to keep serrations from producing significant

damage to the specimen and initiating an early failure.

In this program the tabs were bonded using AF136 adhesive.
This adhesive requires a 4 hour cure at 150°F. This cure cycle was
not expected to produce any significant residual stress states in
either the specimen or adhesive. There were no failures in this

test program caused by the use of the aluminum loading tabs.

Specimen thicknesses for the model development tests were
based on precluding buckling during R=-1 testing so that the
specimens could be monitored without buckling guides. The 24 ply
thickness was selected so that buckling loads would exceed the
maximum load by more than 30 percent. Static tests showed that
this criterion was met, however, in R=-1 fatigue tests of
cross-plied B/Al, the stiffness lost as the crossplies cracked
reduced the buckling load until buckling became the eventual
failure mode in these tests.

Unnotched specimens (Figure 11) were used to determine crack
initiation life and modulus changes in the parent material and to
provide a comparison with the notched fatigue data. The net
section area was nominally the same for both notched and unnotched

specimens to simplify these comparisons.
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For unnotched spccimens, cdge conditions arc known to
significantly affect fatigue life, as previously shown by AFML
testing, Reference 16. A diamond wheel was used at low feed rates
to produce reproducible quality of cut edges.

Once the fatigue failure modes were determined using the
central hole specimens, data from center cracked panel specimens
could be used to characterize flaw growth rates and for direct
comparison of the effects of stress concentration on initiation
and growth lives. The specimen configuration is shown in Figure
11 and, in greater detail in Figure 13. The 0° and 90° specimens
had elox slots perpendicular to the loading direction, while the
45° specimens had the slots cut along the fibers to examine the
growth of flaws between fibers under shear loads. The elox slots
in the crossplied specimens were all at 90° to the applied load.

Dimensions are in inches
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Figure 13. Center Cracked Panel
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To examine the cffects of specimen width on static strength
and fatigue failure modes and life, a small number of wider
specimens were tested. These specimens had a width to hole
diameter (W/D) of 10 to preclude any interaction of the specimen
edge with the failure mode or life (Figure 14). Tests of these
specimens, and the baseline W/D=6 specimens, were performed before
any other specimens were fabricated to satisfy ourselves that the
W/D=6 configuration would not behave differently under static or
fatigue loadings due to its smaller W/D.

Dimensions are in inches

9.0
45 |
3.5
3.0
2.5
0.25 Dia 1-1?5
0.1
Aluminum Tabs 0.1

H ~ S e N

\_ 2 ' : — ———

0.2 (24 Plies FRMMC)

Note: 0.25 dia protruding head fastener to be installed without nut.

Figure 14. Width Effects Specimen

b. Specimen Location and Orientation - Maximum panel sizes

are about 350 sg. inches in boron/aluminum and about 144 sq.
inches in boron/titanium, with the differences being due to the
pressures required to consolidate the material. Within these
limitations, the panels required for this program are shown in
Figures 15 through 17.

22



1161 1192 | | | 1291 1293
1-1-51 §. 0 g R g
1-1-41 o Rl A B
1-1-31
MBS
1-1-21 iy
111 1.2411 1212 1-213

(Panel 1) 16 in. x 23 in. x 24 Plies
22 Specimens

(Panel 2) 16 in. x 23 in. x 24 Plies

27 Specimens

1-3-81 1-3-83

1-4-81

1-4-91

1-3-11 1-3-13

1-4-13

(Panel 3) 16 in.x 23 in. x 24 Plies
27 Specimens

1591 | 1592
1-5.71 1.5.72
[ 1551 1552
i _
1.5-31 1-5.32
15:11 1-5.12

(Panel 5) 6 in. x 16 in. x 8 Plies
10 Specimens

e e ——

Fiber direction - all panels

(Panel 4) 16 in. x 23 in. X 24 Plies

27 Specimens

1691

1-6-92

1-6-11

1-6-12

(Panel 6) 16 in.x 16 in. x 8 Plies

18 Specimens

Figure 15. Panel Layouts for Unidirectional Boron/Aluminum

23




2.1.B1 1-85 oo
|
45°
|n =t
||z
2111 2112 ||
ﬂc
(Panel 1) 16 in.x 23 in. x 24 Plies Fiber direction - all panels
22 Specimens
2.2.01 2301 | 2.3-91 2393
2-3-81
| 2371
| 2-3-51
2.3.31
3311 2213 gl 7313
(Panel 2) 16 in. x 23 in. x 24 Plies (Panel 3) 12.5 in.x 16 in. x 8 Plies
27 Specimens 14 Specimens

Figure 16. Panel Layouts for Cross-Plied Boron/Aluminum Laminates

4-5-51 4-2.52
4-1-41 W
4131 2 i
4-1-21 s fa
4-1-11 4-2-11 4-2-12
(Panel 1) 9 in.x 12 in. x 24 Plies (Panel 2 - 4) 9 in. x 16 in. x 24 Plies
6 Specimens 10 Specimens Each
4-2.51 4-5-52
4-5-11 4-5.12
(Panel 5 - 6) 9 in.x 16 in. x 8 Plies
10 Specimens Each

0° fiber direction - all panels

Figure 17. Panel Layouts for Unidirectional Boron/Titanium

24



Specimen locations and orientations are indicated on the
panels, and marked as shown in the photographs of Figures 18 and

19. Specimen numbers were given to these specimens to indicate:

(a) the material number
1 for unidirectional boron/aluminum
2 for 0/90 boron/aluminum
3 for 0/45 boron/aluminum
4 for unidirectional boron/titanium
(b) the panel number
(c) the location

The location numbers initiated in the lower left hand corner at 11
and progressed to the upper right hand corner at 9X, depending
upon the number and orientation of the specimens cut from the
panels. Static strength specimens were taken from opposing

corners where possible, to characterize the strength variation
across the panel.

Figure 18. Photograph of Specimen Layouts for Unidirectional Boron/Aluminum
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Figure 19. Photograph of Specimen Layouts for Crossplied Boron/Aluminum

c¢. Replication - The number of variables included in the

testing performed precluded any extensive evaluation of scatter in
fatigue lives or strength. However, the test plan was configured
so that one static and one fatigue test condition were repeated
ten times. These tests allowed evaluation of panel-to-panel

variability and overall scatter.

In general, the minimum replication of two was used through-
out the test program to maximize the variables which could be

evaluated.

d. Loading - All specimens were loaded through self-aligning
hydraulic grips in MTS, Inc. test equipment. Aluminum tabs were
used to protect the specimen surfaces from damage from the

serrated grips.
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Buckling guides were not required for compression tests
because the specimen thickness selected precluded initial specimen
buckling, however, in the crossplied boron/aluminum tests, the
modulus reduction caused by cracking in the off-axis plies often
caused eventual buckling failures in compression tests of these
laminates.

Fatigue load cycles were applied at about 10-20 Hz to
minimize test time. No noticeable heating of the specimens (like
that that occurs in carbon/epoxy specimens) was observed in any of
the tests.

e. Identification of Failure Modes - During testing of the

FRMMC specimens damage progression was monitored and failure modes
identified. Failure modes and NDE techniques that were used to

monitor these modes during test are outlined below:

Failure Mode NDE Technique

Matrix cracks Photomicrographic,
Ultrasonics

Fiber breakage,Rupture X-ray, Displacement, Acoustic
Emission

Through-flaws Photomicrographic

Part-Through flaws Photomicrographic, Sectioning

Delamination Ultrasonics, X-ray

After failure occurred, the failure modes and mechanism(s) were
identified. Our primary tool for this examination was the
scanning electron microscope.

f. Monitoring Damage Progression During Test - The primary

method used to monitor surface cracking was a photomicrographic
technique (Figure 20). Early in our testing of FRMMC materials,
we found that fluorescent penetrant enhances the photographic
quality of the damage (Figure 21). Damage progression typical of
unidirectionally reinforced aluminum under tension-tension loading
is shown in Figure 22.
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Figure 20. Test Specimen Monitoring During Test

Without Dye Penetrant With Dye Penetrant

Figure 21. Photographic Enhancement Using Dye Penetrant
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At 5,000 Cycles At 703,000 Cycles

At 2,170,000 Cycles Al 3,260,000 Cycles

Figure 22. Crack Growth in Fiber Reinforcement Aluminum
as Revealed by Dye Penetrant
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While numerous other damage monitoring techniques were tried
and several showed promise for determining specific failure modes,
we found none that gave better definition of the damage state in
unidirectionally reinforced MMC materials than the photomicrogra-
phic technique. Using this technique we were able to define flaw
growth such as that shown in Figure 23, recording flaw growth very
accurately throughout the test.
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Figure 23. Crack Growth in Notched, Unindirectional Boron/Aluminum

Another monitoring method that was found useful was simple
displacement monitoring during fatigue tests. Initially this was
done to examine the kinds of stiffness reduction in MMC materials
that had been reported by Johnson (References 17 and 18) and
others. In this program we used the MTS control computer and a
standard 1/2 inch extensometer to continuously monitor displace-
ments throughout the fatigue tests. This was particularly
effective when monitoring displacements across the hole (rather
than in the net section) because those displacements are sensitive
to damage that initiates near the hole.
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By letting the computer monitor displacement ranges occurring
across the hole during fatigue tests, it was possible to automa-
tically stop the test when a specified change in displacement
range occurred. In the crossplied boron/aluminum specimen test
data shown in Figure 24, the displacement range rapidly reached a
plateau value. This plateau value was found to correspond to
matrix cracking along the fibers as shown in the inset photograph.
The test was stopped to obtain the photograph, and on restarting
the test a small perturbation in the displacement range was
evident. However, from that point on the range increased
progressively until failure occurred.
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Figure 24. Specimen Displacements Can Identify Fatigue Failure
Modes in Crossplied Boron/Aluminum

The displacement monitoring was helpful in recording the
change in failure mode that occurs in crossplied laminates near
the end of life when the interior ply failures cause cracking and
eventual failure in the 0° plies that control life. Because net
section failures occur rapidly once fibers fail, this change in
failure mode can often be very difficult to record photographical-
ly. Attempts to catch this mode change (from cracking along the
fibers to fiber breaks and net section failure) by visual monitor-

ing proved to be nearly impossible - the failure occurred before
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the machine could be shut down, even at slow cycle rates. Only by
setting the machine to shut down when a specified increase in
displacement range occurred could the photo shown in the second

insert in Figure 24 be obtained.

Displacement monitoring showed interesting results throughout
the testing of crossplied boron/aluminum materials. As shown in
Figure 25, this data allowed continuous monitoring of progressive
stiffness loss in tension tests. In R=-1 tests this loss became
even more. Data such as that shown in Figure 26 was the first
direct evidence we had that this progressive stiffness loss would
eventually contribute to a buckling failure of the specimen, as
demonstrated by the highly non-linear appearance of the load
displacement trace toward the end of the test. When this change
in displacement behavior occurred, it was correlated with the
appearance of matrix cracks, at the outer surface of the specimen,

induced by cracking in the subsurface plies (Figure 27).
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Figure 25. Progressive Stiffness Loss in Tension-Tension Fatigue Test
of a 0/90 Boron/Aluminum Laminate
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Figure 26. Stiffness Loss in Fatigue Can Cause Specimen Buckling
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Figure 27. Cracking in 90° Plies Can Cause Fatigue
Cracks in 0° Plies in 0/90 Boron/Aluminum
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Displacement records taken during static tests were also
informative. The trace taken from a 0/90 boron/aluminum tension
test (Figure 28) shows dramatically the change in specimen stiff-
ness that occur when the 90° plies re-yield in compression during
unloading. This is one reason why the crossplied laminates show
so much larger hysteresis behavior that the unidirectional

materials during fatigue tests.
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Figure 28. Uniaxial Load-Deformation Response of an
Orthotropic B-Al Laminate [0°/90°]

Both ultrasonic and X~-radiographic techniques were used to
determine their applicability to FRMMC materials, but, as shown in
Figure 29, they were not as effective as the photomicrographic
technique. Pulse echo and through transmission reflector plate
ultrasonic techniques were used to monitor and identify the
progress of delamination damage in certain specimens. Frequencies
of 5 to 15 MHz were found to provide the best detectability of

small damage sites.
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X-radiographic technigues were evaluated for use in
monitoring the development and progression of fiber breakage and
matrix cracking. As shown by Johnson (Reference 19), fiber
breakage in very thin FRMMC laminates is detectable by low kV
radiography. The low tube potential provides high subject
contrast permitting clear detectability of the fibers in FRMMC.
But for the thicker laminates tested in this program,
X~-radiography could not be used to distinguish matrix cracking or
fiber breaks because fibers in other plies masked the damage. A
comparison of dye-penetrant enhanced visual inspection, ultra-

sound, and X-radiography is shown in Figure 29.

One of the most intriguing methods for monitoring damage
progression in MMC materials is acoustic emission monitoring.
Long promoted by Jonathan Awerbuch of Drexel University (Reference
20), this method has undergone a dramatic rejuvenation with the
advent of small, powerful microprocessor driven data retrieval and
analysis. The newer systems can monitor several different AE
parameters in real time and display them as well, while the test
is in progress. While the applicability of this monitoring
technique has yet to be proven for resin matrix composites
reinforced by bundles of very small fibers, in metal matrix
composites the fibers are generally large, stiff members whose

failure send an appreciable, identifiable AE signal.

We performed a small test program to examine the appli-
cability of AE methods for monitoring damage initiation and
progression in metal matrix composites. The materials used in the
tests are identified in Figure 30. The test specimen used was
slightly narrower than the baseline specimen used in this program

(Figure 31), resulting in a smaller W/D.

A number of interesting results came from this test program.
First it was found that the number of AE counts, or events, rose
with increasing crack length in unidirectionally reinforced

titanium matrix composites. Higher amplitude events were
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especially noticeable as the cracks progressed across the net
section (Figure 32). Comparison of the static and fatigue tests
of duplicate titanium MMC specimens showed that the number and
distribution of high amplitude events was about the same for both
tests, but the number of low amplitude counts was much greater for
the fatigue test than for the static test (Figure 33). Because
both specimens failed across the net section, failing roughly the
same number of fibers, it appears that these high amplitude events
may be related to fiber breaks during crack growth. Awerbuch has
shown that actual fiber breaks occur at higher AE amplitudes than
those recorded in these tests, yet the relationship of static and
fatigue results seems indisputable. The discrepancy between
static and fatigue test results at the lower amplitudes is thought
to be due to matrix cracking and yielding, obviously more
plentiful during the repeated load fatigue test than during the
short static test.

Material Test No. of
Type Type Tests
Titanium Static 2
B6Al-4V Fatigue 2
(B,C)BITi-6-4  Static 2
Fatigue 2
(B,C)B/6061 Static 2
(Ti Clad) Fatigue 2
SiC/ITi-6-4 Static 2
Fatigue 2
Note:

& R =0.02, max stress of 35 ksi used
initially for each test set.

Figure 30. Testing to Examine Acoustic Emission Results
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Figure 33. Comparison of Acoustic Emission Amplitudes From Static
and Fatigue Tests of SiC/Ti MMC

Current AE systems can also be used to monitor crack
initiation location in real time by using two transducers. By
setting a gate to exclude signals that come from the grips and
monitoring events received at both transducers, one can use the
difference in time for the two signals to determine where the
event occurs in the specimen. Our best example of location
discrimination is shown in Figure 34, where the results of two
different tests of unidirectionally reinforced titanium MMC are
shown. In one test the cracks initiated and grew across the net
section in a single plane. In the second specimen the cracks
initiated and grew across the net section in parallel planes, one
side in a different plane than the other. This was effectively
displayed by the AE monitor.

In a later test of a titanium clad boron/aluminum coupon, the
AE emissions showed a much more diffuse distribution of event
locations (Figure 35). X-ray examinations showed that cracks had
initiated in the titanium cladding material (Figure 36), but they
showed no reason for the distributed emissions found from AE.
Ultrasonic C-scans of the specimen (Figure 37) showed that the
unidirectionally reinforced boron/aluminum material was cracking
along the fibers, beneath the titanium cladding.
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Figure 36. X-Radiography Show Cracks in Titanium Face Sheets

But No Cracking in Boron/Aluminum
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Figure 37. C-Scan Shows Matrix Cracking and Delamination at
Edges of Titanium-Clad - Boron/Aluminum Specimen
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The most effective use of acoustic emission monitoring
currently seems to be in the area of determining crack initiation
in crossplied laminates and, perhaps, in full scale structural
tests where triangulation can be used to determine when and where
failure initiates. In this program AE was not extensively used
because the testing concentrated on tests of unidirectional fiber
reinforced MMCs where visual monitoring was as effective as the AE

monitoring.

g. Post Failure Analysis - After specimen rupture, we

inspected failure surfaces using a scanning electron microscope
(SEM). The SEM was found to be a valuable tool for obtaining
information concerning damage progression in MMC materials. In
addition, several of the crossplied laminate specimens tested at
Purdue University by Dr. C. T. Sun were sectioned after testing to
determine the cracking behavior of the internal plies of the

laminates.

The SEM was used to examine the fracture surfaces of the
boron/aluminum fatigue specimens to show that the cracking which
occurred along the fiber in this material system was not at the
fiber/matrix interface but in the matrix material itself (Figure
38). Even in 90° specimens, where one would expect the
fiber/matrix interface to be weakest, the cracking in boron/
aluminum was within the matrix (Figure 39).

In our SEM studies of boron/titanium center cracked tension
specimens we identified several recurrent fatigue phenomena. Our
first observation was that fatigue crack growth is impeded by
disbonding along fiber/matrix interfaces. Figure 40 shows
sections of a boron/titanium center cracked panel from near the

elox slot and from the static failure region near the free edge.

In the fatigue region, the fracture surface is characterized
by an irregular appearance, indicative of discontinuous,
start/stop growth. 1In the static failure region, the surface is

much smoother, indicating a single, swift failure.
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Figure 38. Photomicrograph of Matrix Cracking Along Fibers
in 0° Boron/Aluminum

Figure 39. Photomicrograph of Fracture Surface in 90° Boron/Aluminum
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Figure 40. Comparison of Fatigue and Static Failure Surface
Topographies in a Boron/Titanium Center Cracked Panel

Regions of retarded growth rate followed by a burst in growth
rate appear as jumps in the da/dN versus elastic stress intensity,
K, curve shown in Figure 41. The "stall/burst" regions correspond
directly to an elevation change of the crack plane. Creation of a
new fracture surface by fiber failures in a new plane is thus seen
to inhibit crack growth. Inspection of these SEM photos indicate
that the damage model must take into account the ability of
disbonded fibers to inhibit crack growth in titanium matrix

composites.
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Figure 41. Changes in Crack Growth Rate Correspond to Elevation
Changes of the Fatigue Crack Plane

The matrix surface in the fatigue region of a center cracked
panel is markedly different from the familiar ductile fracture
surface of the matrix in the static rupture region, as shown in

Figure 42.
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a) Fatigue Region

b) Static Region

Figure 42. Comparison of Fatigue and Static Failure Regions in a
Center Cracked Panel of B,C/6-4 Titanium
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Evidence of fatigue striations in the matrix can be seen in
Figure 43. Note that these striations indicate flaw growth away
from the adjacent fiber rather than along the primary fracture
path. 1In later tests we found that fibers fail very early in the
(B4C)B/15—3 titanium material. This may explain why the matrix
striations appear to show crack propagation away from the fiber
rather than along the primary crack path.

Figure 43. Fatigue Striations in the Matrix Can Be Seen Emanating From the
Fiber/Matrix Interface in B,C/6-4 Titanium
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Our SEM examinations have also shown that fibers in titanium
matrix materials are often disbonded from the matrix at the
fracture surface, both in the fatigue and static regions. Fibers
failed in fatigue (Figure 42a) have rougher texture in their
fracture surfaces than do those failed statically (Figure 42b).

Fiber pull-out length (the length of fiber above or below the
matrix failure surface) is indicative of the amount of fiber
disbond occurring at the fracture surface. Statistical studies of
measurements from SEM photos indicate that the mean fiber pullout
length in the fatigue region of the specimens is 10% of the fiber
diameter, about 25% longer than the pullout length in the static
rupture region of the same specimen. Furthermore, the scatter in
pullout length is larger in the fatigue region than in the static
region. These findings point to different mechanisms controlling
static and fatigue crack growth.

Our studies have demonstrated the importance of the SEM for
defining damage mechanisms in FRMMC and verifying results of
damage sequence analyses.

An attractive feature of our SEM system is an integrated
Energy Dispersion System, EDS, which can detect the concentration
of various elements present on the observation surface. This
feature is particularly useful to us in describing the nature of
the fracture surface and the character of suspected local
initiation sites and inclusions. An example of the SEM capability
is shown in Figure 44 where the titanium-carbide reaction zone for

a misheat-treated SCS-6/15-3 titanium MMC panel is evident from
the element analysis.

Dr. C. T. sSun, of Purdue University, sectioned a number of
crossplied boron/aluminum specimens after failure to determine the
cracking within the specimen. During the test very careful photo-
graphic tracking of the failure progression was recorded. Prior
to failure the crack growth in the outermost ply was evident as
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shown in Figure 45. The specimen shown is one of the countersink
hole specimens from the verification tests in a 0/45 laminate.

The cracking on the back side indicated that the 45° plies had a
significant effect on the crack growth pattern in the outermost 0°

plies.

Sections cut in this specimen, as shown in Figure 46, show
that in this specimen there appears to be a single dominant flaw
traversing the entire specimen thickness, even a significant
distance from the hole edge. Not only has the flaw grown through
the 45° plies, but it has also broken fibers in the 0° plies
throughout the thickness. The flaw does not grow in a single
plane but has a tortuous path through the specimen thickness.

As shown, careful specimen sectioning can be a useful tool to
determine the flaw progression in crossplied MMC materials. Other

results of Dr. Sun's sectioning work is described in Section V.

4. ANALYTICAL MODEL DEVELOPMENT TESTING - The testing performed in
this test phase is summarized in Figure 47. A total of 150 tests

were performed using boron/aluminum specimens to develop the data
required to formulate the analysis model. No tests were felt to
be required to model the (B4C)B/15—3 titanium material because
MCAIR had sufficient data in house from fatigue testing and
previous materials characterization tests performed under the Two
Sheet Available Fiber/Matrix Composite Design Development for
Airframes program (Reference 1). The majority of the boron/
aluminum specimens were unidirectional laminates, with the
remaining tests equally divided between the two crossplied
laminates.

These tests provided data on static strength, damage
initiation, crack growth, fatigue failure mode and life, and
residual strength under a wide variety of stress levels and stress

ratios.
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Figure 44. Interfacial Particles in the Bondline of (B4C)B/15-3 Titanium

Figure 45. Fatigue Crack Growth in Countersink Hole Specimen
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Laminate Description/No. of Tests Total
g° 0°/90° 0°/ +45° Tests

Test Objective

Width Effects
Notched Strength 4 4 4 12
Notched Fatigue 4 4 4 12
Static Properties
Unnotched Strength 6 6 6 18
Panel-to-Panel Bias/Strength(!) 8 2 2 12
Fatigue Life Tests
Stress Ratio Effects 18 6 6 28
Strain Threshold 6 — = 6
Panel-to-Pane! Bias(") 6 2 2 10
Unnotched Specimens 8 4 4 16
Center Cracked Specimens 8 = - 8
Residual Strength Tests
Fatigue/ Static 20 4 4 28
Total Tests 86 32 32 150

(1) These tests include tension, compression, or fatigue of panels
not previously characterized.

Figure 47. Analytical Model Development Testing in Boron/Aluminum

A filled hole specimen was selected as the simplest baseline
specimen which would produce fatigue damage representative of
bolted or riveted FRMMC structures. These specimens were
nominally unflawed so that damage could initiate naturally. For
investigations into new material systems, in which the modes of
failure are uncertain, we consider unflawed hole specimens to be
superior to preflawed specimens which impose a given damage state,
or unnotched specimens, whose lives are almost completely subject
to the specimen fabrication at the specimen edges. Once failure
modes are identified in the notched coupon specimens then
unnotched or center cracked specimens can be used to develop

initiation life and flaw growth data for the failure modes
identified.

Specimen width effects were investigated to ensure that the
baseline specimen width produced realistic damage growth and
failure modes. Static tests were performed to characterize the
strength of each material and laminate and assess panel-to-panel

variability in fabrication and processing. The primary tests in
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this program measured fatigue life and residual strength. During
these tests, specimen stiffnesses were continuously monitored and
automatically stored. Detailed visual damage measurements were
recorded at intervals determined by damage growth or expended
life, to relate damage growth to stiffness loss and residual

strength.

a. Specimen Width Effects - Tests were performed in both

béseline and wider specimens to determine strength and fatigue
failure modes in each boron/aluminum laminate. The specimen
geometries and data taken are summarized in Figures 48 and 49.

. - N . Net  Gross Cycles  Cycles
Test Type Laminate Sp:cm;en Sr:):c V:"':')h T(::c;( (?l:a) (L:fpd) Stress  Stress to Crack to Comments
L : : : . (ksi)  (ksi)  to Grips Failure
Static Tension 0 Baseline 1-1-19 1.388 0.1720 0.2526 26.75 136.98 112.05 = e
0 Baseline 1-1-91 1511 0.1719 0.2508 25.50 117.71 98.17 = =
0 Large W/D t-1-11 2.508 0.1711 0.2540 48.60 126.02 113.36 = =
0 Large W/D 1-1-51 2,205 0.1716 0.2545 45.50 117.82 105.85 o —
0/45  Baseline 3-1-61  1.504 0.1728 0.2519 15.05 69.56 57.91 == =
0/45  Baseline 3-1-62 1.487 1.1723 0.2569 13.05 61.57 50.93 = —

0/45  Large W/D 3-1-81  2.475 0.1720 0.2570 23.45 61.47 55.09 = —
0/45  Large W/D 3-1-82 2526 0.1725 0.2571 20.80 53.38 47.93 = =

0/90  Baseline 2-1-61  1.507 0.1720 0.2537 13.20 61.23 50.93 = =
0/90  Baseline 2-1-62  1.510 0.1729 0.2610 10.78 49.92 41.29 = =

0/90  Large W/D 2-1-81 2,509 0.1712 0.2535 20.15 52.18 46.91 == =
0/90  Large W/D 2-1-82 2510 0.1721 0.2530 18.90 48.66 43.75 = ==

Fatigue
R=—0.02 0 Baseline 1-1-81  1.508 0.1700 0.2500 23.50 109.88 91.67 = 8
= —0.02 0 Large W/D 1-1-71 2517 0.1710 0.2500 41.90 108.09 97.35 - 3
R=-1.0 0 Baseline 1-1-29  1.510 0.1720 0.2500 17.60 81.21 67.77 183,375 == Runout-NF
R=-1.0 0 Large W/D 1-1-31 2,498 0.1720 0.2500 31.70 81.99 73.78 400,000 == Runout-NF
=~1.0 0/45  Baseline 3-1-51  1.505 0.1730 0.2500 11.24 51.77 43.17 == 174,232
12.10  55.73 46.47 = 4,611 Grip Failure
R=-1.0 0/45  Baseline 3-1-52 1.495 0.1710 0.2500 11.95 56.13 46.74 = 2,038 Grip Failure
R=-1.0 0/45  Large W/D 3-1-72 2,509 0.1730 0.2500 18.80 48.11  43.31 = 18,881
R=~-1.0 0/45  Large W/D 3-1-71 2,511 0.1720 0.2500 18.80 48.34 43.53 = 65,848
R=-1.0 0/90  Baseline 2-1-52  1.508 0.1730 0.2500 8.00 36.76 30.66 — 190,943 NF
11.14  51.19 42.70 = — Overloaded
R=-1.0 0/90  Baseline 2-1-52  1.507 0.1730 0.2500 9.60 44.15 36.82 — 10,113
=-1.0 0/90  large W/D 2-1-72  2.505 0.1720 0.2500 15.00 40.22 36.21 = 9,317
R=-1.0 0/90  Large W/D 2-1-71  2.509 0.1710 0.2500 15.60 40.38 36.36 = 26,741

Figure 48. Specimen Width Effects in Boron/Aluminum
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Figure 49. Effect of Specimen Width on Carbon/Epoxy Joint Strength

Based on our previous carbon/epoxy and FRMMC work, we believe
that the W/D = 6 specimen is representative of aircraft structural
applications and does not show significant influence of its finite
width. When W/D is less than 6, crossplied carbon/epoxy joint
specimens have shown a change in failure mode, from locally
induced bearing/shearout failures to net section failures (Figure
49). 1In addition, failure progresses much more rapidly in
specimens having small W/D. This makes tracking more difficult, a
detriment for model development. Smaller W/D specimens were
tested in the verification test program, to examine the influence
of higher stress concentrations and finite width effects.
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b. Static Properties - We performed static strength tests

using unnotched specimens (Figure 11) to determine material
strengths, moduli, and strains at failure for each of the
laminates tested. Specimen geometries and test results are
summarized in Figure 50. Load displacement data for the 0°, 90°,
and 45° specimens are displayed in Figure 51. The unnotched
specimens used for material strength tests were removed from a
single panel in each laminate so that comparisons between the
tension, compression, and transverse strengths could be directly
made. Extensometers were used to obtain load-displacement data

during the tests.

Notched baseline specimens (Figure 11) were used to determine
tensile strength variations between panels. One set of
compression tests was used to evaluate the notched compression
strength of the unidirectional laminate. Compressive strengths
generally exceed tensile strengths in these materials and fatigue
stress levels for most tests were limited by tensile rather than
compression strengths. Compression failures did occur in the
crossplied laminates after cycling in fatigue caused cracking in
the off-axis plies and reduced the stiffness of the laminate.

c. Fatigue Life Tests - Sixty-eight fatigue tests were

performed as outlined in Figure 52 to determine the effects of
stress ratio, stress level, panel-to-panel variability, and notch
sensitivity of boron/aluminum laminates. The majority of these
tests used the notched baseline specimen of Figure 11. Displace-
ments were continuously monitored and automatically stored by
computer during each test. Detailed damage propagation measure-
ments were made at intervals during these tests to track damage-
growth so that it could be related to modulus and residual
strength changes.
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: : . Net Gross
. Specimen Spec  Width  Thick Dia Load Stress Stress

TestType  Laminate o, Ne (in) (n) (in) (KIP) e i
Tension 0 Unnotched  1-2-13 1.255 0.1714 -— 41.90 194.79 194.79
0 Unnotched  1-2-33 1.254 0.1725 — 36.30 167.81 167.81
15 Unnotched 1-2-93 1.272 0.1716 —_ 14.04 64.32 64.32
15 Unnotched  1-2-94 1.257 0.1739 —_ 13.30 60.84 60.84
45 Unnotched  1-1-74 1.272 0.1714 — 5.55 25.46 25.46
45 Unnotched  1-1-75 1.274 0.1722 — 5.34 24.34 24.34
0/90 Unnotched  2-1-11  1.250 0.1720 — 24.62 114.51 114.51
0/90 Unnotched  2-1-12 1.250 0.1720 — 20.93 97.35 97.35
0/45 Unnotched  3-1-11  1.250 0.1720 — 26.97 125.44 125.44
0/45 Unnotched  3-1-12  1.250 0.1720 — 27.00 125.58 125.58
Compression 0 Unnotched  1-2-31 1.271 0.1736 — —39.70 —-179.93 —179.93
0 Unnotched  1-2-21  1.269 0.1735 — —39.90 -—-181.22 -—181.22
0/90 Unnotched  2-1-13  1.250 0.1720 — —27.06 —125.86 —125.86
0/90 Unnotched  2-1-21  1.250 0.1720 — —-27.10 -—-126.05 —126.05
0/45 Unnotched  3-1-13  1.250 0.1720 — —26.30 —122.33 -122.30
0/45 Unnotched  3-1-21  1.250 0.1720 — ~26.50 —123.26 —123.26
Traverse 0 Unnotched 1-4-14 1.262 0.1704 — 5.59 25.99 25.99
0 Unnotched  1-4-24 1.248 0.1702 — 5.44 25.61 25.61
0/90 Unnotched  2-1-91 1.250 0.1720 — 21.13 98.28 98.28
0/90 Unnotched  2-1-92 1.250 0.1720 — 21.00 97.68 97.68
0/45 Unnotched  3-1-91  1.250 0.1720 — 6.83 31.77 31.77
0/45 Unnotched  3-1-92 1.250 0.1720 — 6.38 29.67 29.67

Panel-to-Panel Bias '

Tension 0 Baseline 1-2-43  1.510 0.1719 0.2505 25.05 115.70 96.51
0 Baseline 1-2-42  1.510 0.1715 0.2510 25.35 117.41 97.89
0 Baseline 1-3-13 1516 0.1720 0.2527 29.95 137.84 114.86
0 Baseline 1-3-31  1.521 0.1711 0.2528 25.00 115.21 96.06
0 Baseline 1-4-52 1,501 0.1712 0.2512 21.00 98.15 81.72
0 Baseline 1-4-23 1504 0.1711 0.2517 22.45 104.78 87.24
0/90 Baseline 2-1-42  1.250 0.1720 0.2500 11.66 67.79 54.23
0/90 Baseline 2-2-91  1.250 0.1720 0.2500 14.00 81.40 65.12
0/45 Baseline 3-1-42  1.250 0.1720 0.2500 14.61 84.94 67.95
0/45 Baseline 3-2-91  1.250 0.1720 0.2500 16.50 95.93 76.74
Compression 0 Baseline 1-4-41 1506 0.1720 0.2508 —14.50 -—192.22 —160.21
0 Baseline 1-4-92  1.497 0.1706 0.2510 —41.30 -194.29 —161.71

Figure 50. Static Properties Tests in Boron/Aluminum
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! Net Gross Cycles cles Cycles
Test Type Laminate Spesimon LD A T!“CK Dia  Grlen Load Stress  Stress myu.us tocycrack vtn Comments
Type No. (i) (i) (n) () KIP) ") (ksi)  Crack toGrps Failure
Stress Ratio Effects
R=0.02 0 Baseline 1-3-63 1.511 0.1701 0.2500 — 21.98 102.47 85.52 = —_ 60
R=0.02 0 Baseline 1-3-33 1.513 0.1710 0.2500 — 21.73 100.61 83.99 70 7,200 =
R=0.02 0 Baseline 1-3-73 1.512 0.1703 0.2500 — 21.63 100.64 84.00 = = 48
R=0.02 0 Baseline 1-3-93 1.515 0.1698 0.2500 — 20.61 9595 80.12 = = 66
R=10.02 0 Baseline 1-3-32 1510 0.1720 0.2500 — 19.92 9192 76.70 = = 1,960,000
R=0.02 0 Baseline 1-3-42 1515 0.1710 0.2500 — 19.24 88.94 74.27 — o 2,170,000
R=0.02 0 Baseline 1-3-23 1517 0.1710 0.2500 — 15.56 71.82 59.98 430 70,000 —
R=0.02 0 Baseline 1-3-22  1.497 0.1701 0.2515 — 15.28 72.12 60.01 490 73,250 =
R=-1.0 0 Baseline 1-3-11 1517 0.1720 0.2500 — 21.98 100.86 84.24 = = 1,161
R=-1.0 0 Baseline 1-4-51 1506 0.1720 0.2500 — 21.76 100.73  84.01 26 225 775
R=-1.0 0 Baseline 1-4-31  1.500 0.1708 0.2510 — 21.52 100.88 84.00 49 300 1,000
R=-10 0 Baseline 1-3-12  1.514 0.1725 0.2500 — 20.61  94.52 78.92 - — 1,720
R=-10 0 Baseline 1-3-21  1.520 0.1709 0.2500 = 88.65 74.07 = — 44,635
R=-10 0 Baseline 1-4-11  1.493 0.1702 0.2500 — 15.25 72.08 60.01 25 850 =
R=-1.0 0 Baseline 1-4-21 1,506 0.1708 0.2500 — 15.43 7193 59.99 46 750 —
R=10.0 0 Baseline 1-3-62 1.518 0.1707 0.2500 — 31.60 145.99 121.95 — —_ 3.981
R=10.0 0 Baseline 1-3-51  1.513 0.1707 0.2500 — 27.48 127.46 106.40 = = 403,000 NF
R=10.0 0 Baseline 1-4-32  1.502 0.1708 0.2515 — 25.65 120.00 99.98 227 14,000 —
R=10.0 0 Baseline 1-4-42 1,500 0.1709 0.2510 — 25.64 120.12 100.02 164 45,000 —
R=10.0 0 Baseline 1-3-83 1.510 0.1715 0.2500 — 24.73 114.44 95.40 — —_— 411,000 NF
R=10.0 0 Baseline 1-3-61  1.513 0.1710 0.2500 — 21.98 101.77 84.96 — — 430,000 NF
R=10.0 0 Baseline 1-4-12 1501 0.1701 0.2500 — 21.45 100.80 84.01 290 1,320,000 =
R=10.0 0 Baseline 1-4-22 1507 0.1707 0.2515 — 21.62 100.83 84-01 447 190,000 —
Open Hole
R=0.02 0 Baseline 1-3-72 1510 0.1710 0.2500 — 19.24 89.30 74.51 - = 8
R=0.02 0 Baseline 1-3-91 1.513 0.1690 0.2500 — 17.86 83.67 69.85 = =3 2,150,000 NF
R=0.02 0 Baseline 1-3-52  1.519 0.1709 0.2500 — 16.49 76.04 63.52 = — 859,000 NF
R=0.02 0/90 Baseline 2-2-11 1500 0.1720 0.2500 — 10.50 48.84 40.70 = — 162,400
R=0.02 0/90 Baseline 2-2-13 1.500 0.1720 0.2500 — 10.50 48.84 40.70 — — 8
R=0.02 0/45 Baseline 3-2-11  1.500 0.1720 0.2500 — 12.00 55.81 46.51 = — 73,800
R=0.02 0/45 Baseline 3-2-13 1.500 0.1720 0.2500 — 12.00 55.81 46.51 — — 119,910
=-1.0 0/90 Baseline 2-2-31  1.500 0.1720 0.2500 — 9.50 4419 36.82 = — 150,700
R=—-1.0 0/90 Baseling 2-2-32  1.500 0.1720 0.2500 — 9.50 44.19 36.82 - — 4
R=-10 0/90 Baseline 2-1-43  1.500 0.1720 0.2500 — 9.00 41.86 34.88 = = 6,890
R=-10 0/90 Baseline 2-2-41 1500 0.1720 0.2500 — .00 4186 34.88 — = 402,800
=-10 0/45 Baseline 3-2-31 1.500 0.1720 0.2500 — 9.50 44.19 36.82 — — 200,290
R=-1.0 0/45 Baseline 3-2-33 1.500 0.1720 0.2500 — 9.50 44.19 36.82 —_ — 3,750,000 NF
R=-1.0 0/45 Baseline 3-1-43 1,500 0.1720 0.2500 — 11.00 51.16 42.64 = o 369,970
R=-1.0 0/45 Baseline 3-2-41 1500 0.1720 0.2500 — 11.0 51.16 42.64 — = 73,170
Stress Threshold
R=0.02 0 Baseline 1.500 0.1720 0.2500 — 3.87 18.00 15.00 — = 5 ksi incr.
9.00 48.00 40.00 — — 600,000 No Damage
R=0.02 0 Baseline 1.500 0.1720 0.2500 — 11.61  54.00 45.00 - — 100,000 0.1 Cracks
=-10 0 Baseline 1.500 0.1720 0.2500 — 258 12.00 10.00 — —_ — 5 ksi incr.,
Baseline 6.45 30.00 25.00 —_ = 400,000 No Damage
R=-1.0 0 Basefine 1.500 0.1720 0.2500 — 7.74  36.00 30.00 e = 100,000 —
R=0.02 0 Center Crack 1.500 0.1720 — 0.2500 3.87 18.00 15.00 = = = 5 ksi incr.
9.03 42.00 35.00 = = 500,000 No Damage
R=0.02 0 Center Crack 1.500 0.1720 —  0.2500 10.32 48.00 40.00 == — 100,000  0.02 Cracks
R=0.02 0 Center Crack 1.500 0.1720 —  0.2500 10.32 48.00 40.00 — == 1,300,000 0.2 Cracks
R=10.02 0 Center Crack 1.500 01720 — 0.2500 11.61 54.00 45.00 = ? —
R=-1.0 0 Center Crack 1500 01720 — 0.2500 2.58 12.00 10.00 —_ — — 5 ksi incr
3.87 18000 15.00 E=—= = 200,000 No Damage
R=-1.0 0 Center Crack 1.500 0.1720 —  0.2500 5.16 24.00 20.00 = 50,000 —_

Figure 52. Fatigue Life Tests in Boron/Aluminum

59



Net  Gross Cycles  Cycles Cycles

Speciman Spec BV - (Tck Digi: Crtan  Losd Stress  Stress fo 0.05 to Crack to Comments

Test Type Laminate

yEe No. (in)  (in) {in) (n) (KIP} "o (ksi)  Crack lo Grips Failure
Panel-to-Panel Bias
R=-1.0 0/90 Baseline 2-2-21 1500 0.1720 0.2500 — 10.00 46.51 38.76 - = 172,500
R=-1.0 0/90 Baseline 2-2-22 1500 0.1720 0.2500 — 10.00 46.51 38.76 = - 48
R=-1.0 0/45 Baseline 3-2-21 1.500 0.1720 0.2500 — 11.00 51.16 42.64 — — 48,870
R=-1.0 0/45 Baseline 3-2-23 1.500 0.1720 0.2500 — 11.00 51,16 42.64 —_ — 75,290
Unnotched
R=0.02 0 Unnotched 1-2-41  1.250 01710 — - 31.00 145.03 145.03 = - 65,586
R=0.02 0 Unnotched 1-2-561  1.250 0.1710 — - 31.00 145.03 145.03 —_ = 68.827
R=0.02 0/90 Unnotched 2-1-22 1.250 04710 — — 20.00 93.57 93.57 — - 3
R=0.02 0/90 Unnotched 2-1-23 1.250 01710 — - 19.00 88.89 88.89 - — 3,980
R=0.02 0/45 Unnotched 3-1-22 1.250 0.1710 — - 23.00 107.60 107.60 - — 17
R=0.02 0/45 Unnotched 3-1-31  1.250 01710 — —_ 23.00 107.60 107.60 — — 36,190
R=-1.0 0 Unnotched 1-2-81  1.250 0.1710 — - 31.00 145.03 145.03 — — 25
R=-1.0 0 Unnotched 1-2-32 1.250 0.1710 — - 31.00 145-03 145.03 - - 5
R=-1.0 15 Unnotched 1-2-95 1.250 0.1710 = = 6.41 29.99 29.99 = = 76,202
R=-1.0 45 Unnotched 1-1-77  1.250 0.1710 — = 2.67 1249 1249 = = 1,067,659 NF
R=-1.0 90 Unnotched 1-1-15 1.250 0.1710 — - 3.21  15.00 15.00 — — 79,625
R=-1.0 90 Unnotched 1-1-17  1.250 0.1710 — - 2.67 1250 12.50 — — 126,199
R=-1.0 0/90 Unnotched 2-1-32  1.250 0.1710 = — 17.00 79.53 79.53 — = 90
R=-1.0 0/90 Unnotched 2-1-33  1.250 0.1710 = = 15.00 70.18 70.18 = = 321
R=-1.0 0/45 Unnotched 3-1-32 1.250 0.1710 — = 21.00 98.25 98.25 = = 51
=-1.0 0/45 Unnotched 3-1-33 1.250 0.1710 — — 20.00 93.57 93.57 - = 70
Canter Cracked Specimens
R=0.02 0 Center Crack  1-2-52 1,517 0.717 — 0.2500 16.32 75.02 62.66 181 6,000 =
R=-1.0 0 Center Crack  1-2-92 1.522 01711  —  0.2500 16.32 74.99 62.67 12 210 —
R=0.02 45 Center Crack 1-1-76 1.518 0.1708 —  0.1768 1.30 566  5.00 — - 367,000 NF
2.29 1000 8.83 210 — 79,897
R=0.02 45 Center Crack 1-1-78 1.518 0.1712 — 0.1768 3.44 1498 13.24 50 - 1,600
R=0.02 90 Center Crack  1-1-14  1.486 0.1719 — 0.2500 3.19 15.01 12.49 — = 100 Overfoad
R=0.02 90 Center Crack  1-1-16 1,510 0.1716 —  0.2500 2.16 999 8.34 30,250 = 72,250

Figure 52. (Continued) Fatigue Life Tests in Boron/Aluminum

Fatigue tests were performed at three stress ratios, R = 0,
-1, and «». Because these tests developed the primary data for
model development, we tested three load levels for the unidirec-
tional laminate. Load levels were selected to produce lives of
500; 10,000; and 200,000 cycles. Similar tests were performed for
R =0 and R = -1 in the crossplied laminates. A series of tests
were performed to determine the stress threshold levels below
which cracking would not initiate in boron/aluminum center hole
and center cracked specimens at R = 0 and -1. The data from the
stress ratio effects tests were used to estimate stress thresholds
in the unidirectional laminate specimens. In the first test in

the series an intentionally low stress level was selected for
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testing to obtain 200,000 cycles of loading without cracking. The
load was then increased in small increments, at the end of each
block of 200,000 cycles, until a crack initiated. The final
stress level was used for the remaining tests.

We selected one loading condition to evaluate panel-to-panel
variability in fatigue life: R = -1 testing at the same load
level used in the specimen width tests. These tests allowed
characterization of panel-to-panel variability in fatigue life,
and evaluation of overall scatter.

Unnotched specimens were tested in fatigue to determine the
initiation life and to compare these results with those from the
notched specimens to determine the notch sensitivity of 1life in
FRMMC materials. Unnotched specimens were configured to provide
the same net section stress as in the notched baseline specimens.

Once failure modes in the fastener hole specimens were
identified, we developed data on crack growth rates in those modes
through tests of center cracked panels in which the crack and
fiber orientations were selected to propagate flaws within the
matrix or across the net section. These tests characterized
growth: (1) perpendicular to 0° fibers, (2) along 45° fibers to
correlate with shear and tension mode cracking noted from our
tests, and (3) along 90° fibers, which was used along with the 45°
test results to evaluate cracking in the crossplied laminates.

d. Residual Strength Tests - Twenty-eight residual strength

tests, predominantly in unidirectional boron/aluminum were

rerformed as summarized in Figure 53. 1In this test series
constant amplitude fatigue tests of baseline notched specimens
were performed until a particular damage state (crack length) was
obtained. The specimens were then failed statically to determine
residual strength. Tests were duplicated for each stress level
and damage configuration tested. For the R = -1 testing,

residual strengths in both tension and compression were measured.
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. . . . Fatigue Net Gross
. Specimen Spec  Width  Thick Dia Cr Len Load
TestType  Laminate "7 .0 No. (in) (n) (in) s(":gf)s (in)  (KIP) 3("::33 s(‘;:f)s
Open Hole

R=0.02 0 Baseline  1-3-71  1.500 0.1720 0.2500 50 0.0625 22.70 105.58 87.98
R=10.02 0 Baseline  1-1-59 1,500 0.1720 0.2500 75 0.0625 26.50 123.26 102.71
R=0.02 0 Baseline  1-3-23 1.500 0.1720 0.2500 75 0.5000 22.33 103.84 86.53
R=0.02 0 Baseline  1-2-62 1,500 0.1720 0.2500 75 0.5000 26.85 124.88 104.07
R=0.02 0 Baseline  1-3-43 1,500 0.1720 0.2500 77 Grips 30.40 141.40 117.83
R=-1.0 0 Baseline  1-1-39 1500 0.1720 0.2500 50 0.0625 27.90 129.77 108.14
R=-1.0 0 Baseline  1-2-73 1500 0.1720 0.2500 75 0.0625 25.40 118.14 98.45
R=-1.0 0 Baseline 1-3-81  1.500 0.1720 0.2500 50 0.5000 27.50 127.91 106.59
R=-1.0 0 Baseline  1-2-53 1.500 0.1720 0.2500 75 0.5000 28.80 133.95 111.63
R=—-1.0 0/90 Baseline  2-2-51 1.500 0.1720 0.2500 42 == 10.26 47.72 39.77
R=-1.0 0/90 Baseline  2-2-61 1.500 0.1720 0.2500 42 —_ —22.33 ~103.86 —86.55
R=-~-1.0 0/45 Baseline  3-2-51  1.500 0.1720 0.2500 53 — 12.62 58.70 48.91
R=-1.0 0/45 Baseline  3-2-61 1,500 0.1720 0.2500 53 = 13.10 60.93 50.78
R=-1.0 0/45 Baseline  3-2-71  1.500 0.1720 0.2500 53 == ~28.42 —132.19 -110.16

=—1.0 0/45 Baseline  3-2-81  1.500 0.1720 0.2500 53 = —27.05 —-125.81 -—104.84

Filled Hole

R=-1.0 0 Baseline  1-2-72 1.500 0.1720 0.2500 50 0.0625 -—42.20 —196.28 —163.57
R=-1.0 0 Baseline  1-4-31 1500 0.1720 0.2500 75 0.0625 -—33.50 —155.81 —129.84

=-1.0 0 Baseline  1-1-49  1.500 0.1720 0.2500 50 0.5000 -—45.89 -213.02 -177.52
R=-1.0 0 Baseline  1-2-63 1.500 0.1720 0.2500 75 0.5000 -—46.70 -217.21  -181.01
R=10.0 0 Baseline  1-4-42 1,500 0.1720 0.2500 100 0.1200 —38.40 —178.60 —148.84
R=10.0 0 Baseline  1-4-12 1500 0.1720 0.2500 84 0.5000 -—36.60 —170.23 —141.86
R=10.0 0 Baseline  1-4-32  1.500 0.1720 0.2500 100 0.7500 —40.20 —186.98 —155.81
R=10.0 0 Baseline  1-3-61 1.500 0.1720 0.2500 84 Grips —36.39 —-169.77 —141.47

Figure 53. Residual Strength Tests in Boron/Aluminum
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SECTION IV
MODEL DEVELOPMENT

During the course of this program, analysis methods were
derived for the prediction of static strength of notched and
unnotched MMC structures, fatigue crack initiation life to an
assumed 0.05 inch flaw, crack growth of such flaws, and residual
strength of flawed MMC structures. These analyses were developed
based on our knowledge about the behaviors of metal and resin
matrix composite structures. Thus, wherever possible, metallic
and composite structural analysis provide the limiting cases for
these techniques. In addition, the analyses developed were
derived to be as simple as possible and yet still describe the
test results obtained in this program. These analysis techniques
were embodied in a computer routine, MMCAN, and a User's Guide for
this routine. is presented in Appendix A.

1. STIFFNESS AND STRENGTH OF UNNOTCHED METAL MATRIX COMPOSITES -
For unidirectional, continuous fiber reinforced composites the

most common method for examining strength and stiffness behavior
is to compare test values with a Rule of Mixtures analysis. This
analysis assures that composite stiffness or strength is related

only to the matrix and fiber properties and the fiber volume
fraction, v

fiber*

Pcomposite - Pfiber Veiber TP

matrix ‘matrix
Where P is the property (strength or stiffness) and v is the ratio
of cross-sectional areas of fibers or matrix to total area.

=1

v . - .
matrix vflber

Figure 54 shows the Rule of Mixtures (ROM) prediction of
composite stiffness for various ratios of fiber to matrix stiff-
ness. Both MMC and resin matrix composites show good correlation
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with this analysis. The correlation is even more evident in

Figure 55 where measured composite stiffness is plotted against
that predicted by the Rule of Mixtures.

102
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Figure 54. Prediction of the Effect of Fiber Volume by Rule of Mixtures
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Figure 55. Correlation of Unid.irectionally Reinforced Composite Stiffness
by Rule of Mixtures

Rule of Mixtures analyses generally overestimate the strength
of composite materials, Figure 56. Probably this is due to fiber
strength degradation which may occur during composite fabrication.
Sometimes this overall strength degradation is correlated using
bundle theory to fit the overall fiber strength distribution in
fibers leached from the matrix. Depending upon the severity of
the temperatures and pressures required to fabricate the composite
laminate, this fiber strength reduction can sometimes be
substantial. This is particularly true of titanium matrix
composites, where temperatures for material consolidation are as
high as 1600° to 1700°F.

65



10?2

O 30% volume
= O 50% volume
{ 60% volume o
o =
x
Q
- Q
w
- =
g ¢
Ratio of E & @
Composite 4q! = 5
Strength € o
to — = 8
Matrix g
Strength, — e o
$./Sn g 3
]
E
Q
%)
: a |1 1 | L1
1 10! 102

S,/8,, Predicted by Ruie of Mixtures

Figure 56. Correlation of Composite Strength by Rule of Mixtures

At these temperatures, there can be considerable fiber/matrix
chemical interaction which can degrade the fiber strength. Often
fibers developed for use in metal matrix composites are coated
with chemically resistant coatings to reduce the possibility of
chemical interaction between fiber and matrix. For analysis of
metal matrix composites, we recommend that tests of unnotched
unidirectionally reinforced material be used to estimate ply or
lamina properties, rather than relying on a Rule of Mixtures

approach.

This fiber/matrix interaction also affects the fiber-to-
matrix adhesion strength and consequently the off-axis ply
properties are reduced. Because of the fiber-to-matrix
interaction zone degradation, we also recommend that the analyst
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rely on off-axis tests of unidirectionally reinforced material to
determine transverse and shear strengths of MMC plies. Predic-
tions can be made using a Tsai-Hill type analysis, but its real
value comes in correlating axial and off-axis strength data of
unnotched MMC and providing estimates of the reduced lamina shear

and transverse tension strengths (Figure 57). We recommend using
250
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Figure 57. Correlation of Off-Axis Strength by Tsai-Hill Criterion

10° or 15° off-axis specimens and 90° specimens to determine shear
and transverse strength properties, and testing a 45° specimen to

confirm the analysis accuracy, as shown in Figure 57.

The Tsai-Hill failure criterion can be expressed, for any
off-axis angle, 6, as

. 2 2

] 2 2
cos e/Fx + (l/Fxy

2 2 . 2 .4 _
- 1/Fx ) cos™0 sin”0 + sin O/Fy = 1/Fx
and can be used to derive Fx through an axial test, Fy through a
90° off-axis test, and ny through a 10°-15° off-axis test. Once
the strength parameters, Fx’ FY' ny are known, the strength of
any off-axis ply can be estimated.
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It is important to note that the off-axis behavior of
unidirectionally reinforced MMC is often quite plastic, due to the
high strain tolerance of the matrix (Figure 51, Section III). 1In
the analyses performed herein, we treated the matrix as an
elastic-perfectly plastic material. Thus at strain levels below
failure of the 0° plies, off-axis plies could and would show
significant plastic strain. When this occurred, those plies would
not pick up any additional load with increased strain. The ply
stiffness was likewise reduced for transverse and shear loadings.
When fatigue or strength failures were predicted to occur, the
ply was assumed not to carry any transverse tension or shear
loadings, and the ply's transverse and shear moduli were reduced
to zero.

Laminate Stiffness/Strength - Given the ply properties at

various strain levels, laminated plate analyses were used to
predict the stresses and strains within the laminate. This
analysis is iterative to insure that the stress and strain state
within each ply is in agreement with the stress/strain behavior
found in the unnotched lamina test.

Given the El’ E2, G12’ and Vio for each ply, the laminate
stiffness is derived from laminated plate theory as follows:

Q11 = Ep / (1-vy5 vyq)

Q12 = V21 911
Qpp = Ep / (1 = vyy Vo)
Q66 = CG12

Q11 = Qllcos4e o 2(Q12 + 2Q66)sin26c0526 + szsin48

le = (Q11 + Q22 - 4Q66)sin26C0526 + le(sin4ecos46)
0 =Q sin46 + 2(Q + 20 )sinzecosze + 0 cos46
22 11 12 66 22
\ 3 .
Q16 = (Qll - le - ZQGG)SlnGCOS 6 + (le - Q22 + 2Q66)s1n36cose

68

.
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Qi = (Qll - Qp - 2Q66)51n fcosB + (le Qyp + 2Q66)51n6cos ¢}

2

_ _ : /) 4 4
Q66 = (Qll + Q55 - 2Q12 2Q66)51n 6cos“e + 966(51n 6 + cos 8)

[A]

[Q]i(hi r hi—l)

[A] = {[A]/t} "%
E, = 1/Aq Vxy ~ "By A3
Ey = l/A22 ny = l/A33

These orthotropic plate properties are then used to determine
stresses and strains in both notched and unnotched laminates.

Strength analysis of crossplied laminates is based upon
determining individual ply stresses and strains. When yielding
occurs the stress in the ply is limited to yield strength and the
ply stiffness is reduced to the secant modulus, estimated for the
final load condition. When ply failure occurs (that is, the ply
strain allowable is exceeded), the modulus in tension and shear
are reduced by three orders of magnitude, but the ply compression
modulus is left unchanged, assuming that compression can be
carried without buckling the laminate with these reduced
properties.

The reductions in modulus that account for nonlinear ply
behaviors require a reanalysis of laminate stiffness using
laminated plate theory. The ply-by-ply failure condition
(yvielding or failure) is assumed to occur throughout the ply,
whether the geometry is notched or unnotched. In unnotched
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